We test whether the spiral patterns apparent in many large disk galaxies should be thought of as dynamical features that are stationary in a co-rotating frame for t dyn , as implied by the density wave approach for explaining spiral arms. If such spiral arms have enhanced star formation (SF), observational tracers for different stages of the SF sequence should show a spatial ordering, from upstream to downstream in the corotating frame: dense H I, CO, tracing molecular hydrogen gas, 24 µm emission tracing enshrouded SF and UV emission tracing unobscured young stars. We argue that such a spatial ordering should be reflected in the angular cross-correlation (CC, in polar coordinates) using all azimuthal positions among pairs of these tracers; the peak of the CC should be offset from zero, in different directions inside and outside the corotation radius. Recent spiral SF simulations by Dobbs & Pringle, show explicitly that for the case of a stationary spiral arm potential such angular offsets between gas and young stars of differing ages should be observable as cross-correlation offsets. We calculate the angular cross-correlations for different observational SF sequence tracers in 12 nearby spiral galaxies, drawing on a data set with high quality maps of the neutral gas (H I, THINGS), molecular gas (CO, HERACLES) along with 24 µm emission (Spitzer, SINGS); we include FUV images (GALEX) and 3.6 µm emission (Spitzer, IRAC) for some galaxies, tracing aging stars and longer timescales. In none of the resulting tracer cross-correlations for this sample do we find systematic angular offsets, which would be expected for a stationary dynamical spiral pattern of well-defined pattern speed. This result indicates that spiral density waves in their simplest form are not an important aspect of explaining spirals in large disk galaxies.
INTRODUCTION
The nature of a coherent spiral structure that extends over a large portion of the galaxy is still not fully understood. While there are many variations in theories to explain such a structure, typically self-excited models for spiral structures can be divided into two groups based on the longevity of the spiral pattern. A long-lived quasistationary spiral structure theory has been developed largely using analytical studies. The spiral features are attributed to quasi-steady global modes of the disk (Lin & Shu 1964 Lynden-Bell & Kalnajs 1972; Bertin et al. 1989a Bertin et al. , 1989b . The other approach, which has largely been based on simulations, purports that spirals are short-lived, recurrent, transient patterns that origfoylek@physics.mcmaster.ca inate from recurrent gravitational instabilities (Goldreich & Lynden-Bell 1965; Julian & Toomre 1966; Toomre 1981; Sellwood & Carlberg 1984; Sellwood 2010) . It remains a challenge to decipher which of these descriptions best describes spiral structure. The interested reader can refer to excellent reviews in Binney & Tremaine (2008) and Sellwood (2010) for more information. In these reviews it is explained that it has proven very difficult to decipher which of these models best describes observed galaxies and it may be that a combination of these models is required. It is clear that careful comparisons between observations and simulations are needed in order to disentangle these theories.
In this work, we examine simulations and observations for evidence of a long-lived, quasi-stationary spiral structure based on the predictions of such a model. As origi-nally explained by Roberts (1969, hereafter R69) , if the spiral pattern is a quasi-stationary, dynamical pattern in a corotating frame and SF is occurring at an enhanced rate in the arms, then there should be a temporal sequence of events, as material streams in and out of this spiral pattern.
As gas passes through the minimum of the spiral potential, it gets compressed and molecular clouds form. This is followed by SF, leading initially to dust-enshrouded young stars and then to unobscured young stars and clusters. If this SF sequence of events were to occur in a steady state, then it would translate into a set of spatial offsets for tracers of different stages of this SF sequence, with the size of the offsets reflecting both the time difference between these stages and the relative velocity between the material and the spiral pattern. In this way, observed spiral arms are produced by the continual triggering of SF through compression in the gas peak (Lubow et al. 1986 ). Even if the spiral structure is not directly shock triggering SF (e.g., Foyle et al. 2010) , provided there is an appreciable amount of SF in the arms, one still expects bright stars to be observed downstream from the arms and this has been noted in several cases (e.g., Tamburro et al. 2008; Egusa et al. 2009 ). Roberts et al. (1975) found observational evidence for such offsets from a sample of 24 galaxies and posited that the shock strength and spiral strength could account for the ordering of spiral disks into Hubble type and luminosity class. Figure 1 taken from R69 illustrates the positions of the gas shock and young stars inside corotation of a trailing spiral pattern and illustrates the predicted offsets. Using a rigidly rotating spiral potential in hydrodynamical simulations, Gittins & Clarke (2004) showed that one can find three spiral patterns each tracing a different stage in this process. The first is traced by the stellar mass density and the location of the potential minima. The second spiral pattern is traced by the dust, which is known to be in locations of compressed gas and the third marks the location of the young stars. Due to the finite time for SF, the young stars should be downstream of the dense gas in this picture. The location of the compressed gas relative to the minimum is more complex; traditionally it is located upstream of the minimum, but the location of the shock depends on the sound speed of the gas and can be downstream of the minimum in a cold, or multiphase medium (Wada 2008; Dobbs 2007) . Figure 2 shows what would be expected using a simple toy model of a two-arm spiral pattern with a corotation radius of 2.7R exp (i.e. Kranz et al. 2003) . We consider a gas and recent SF tracer with an onset time of 3 Myr between the two. The upper right panel of Figure 2 shows the radial profile of the angular offsets between them calculated from Eq. 6, discussed in the following section, using the rotation curve shown on the left. In the inner regions large positive offsets are expected and beyond corotation the offsets become negative. The lower panel shows the position of the tracers in the spiral arms. The variation in the angular offsets of the tracers with radius, produces a spiral pattern that is effectively more tightly wound. The offsets are small enough that the arm patterns of the two tracers will likely overlap, depending on the amount of dispersion and width of the tracers. This could make by-eye determinations of offsets challenging.
A number of observational studies have looked for qualitative evidence for angular offsets of SF tracers. Early observations showed dust lanes on the inside part of the arms with respect to H II regions (e.g., Lynds 1970). Mathewson et al. (1972) and Rots (1975) found that atomic hydrogen was offset from optical arms and dust lanes in M51 and M81 respectively. A detailed study of M33 by Humphreys & Sandage (1980) , however, presented a more complex picture. While two of the arms did show dust lanes on the inner edge of the arm and bright young stars on the outer part of the arm, the third arm showed no such features or ordering.
Ideally one would like to examine offsets between the gas and young stars. Due to the lack of atomic hydrogen (H I) in the inner part of the disk and the fact that the molecular gas forms giant molecular clouds out of which stars form, it is natural to look for offsets between CO and Hα or 24 µm emission (with both Hα and 24 µm emission being tracers of recent SF, e.g., Calzetti et al. 2007) . A number of studies have looked for such offsets and examined the streaming motions near the arms, especially in M51 and M81 (e.g., Vogel et al. 1988; Rand & Kulkarni 1990; Lord & Young 1990; Garcia-Burillo et al. 1993; Rand 1995; Loinard et al. 1996; Shetty et al. 2007; Egusa et al. 2009 ). However, all such studies used by-eye determinations of these offsets by selecting individual patches of a single arm. Such methods can easily introduce potential biases. Tamburro et al. (2008, hereafter T08) developed an algorithmic technique to measure offsets between SF tracers by locating the peak of the cross-correlation function between H I and 24 µm emission. This also allowed for a measure of the timescale of going from H I atomic gas to dust-enshrouded massive stars (as traced by 24 µm emission). Their findings were in agreement with the simple prescription of R69. They found corotation radii at ∼2.7r exp , which is consistent with other works (e.g., Kranz et al. 2003 ) and short timescales of 1-4 Myr for the timescales of SF emerging from H I. Indeed the angular offsets were found to be very small (5
• ) between the tracers. T08's work is the first to approach offset measurements using an algorithmic method as opposed to by-eye determinations and they used the highest resolution images to date. Our method is based on the one developed by T08 and we describe it in greater detail in §2.
Recently, Dobbs & Pringle (2010, hereafter DP10) have looked in detail at the distribution of cluster ages across spiral arms in realistic simulations. In their sample, they included a galaxy with a fixed spiral potential which mimics a long-lived spiral with a constant pattern speed. The top left panel of Figure 3 shows the cluster age distribution in this galaxy. If one compares this to the illustration of R69 (Figure 1 ), one sees that the distribution is more complex in these simulations. However, the clusters are still ordered in the way expected. Previous studies by Dobbs et al. (2006) have also shown that the distribution of the giant molecular clouds has a sharp edge on the upstream side of the arms where fresh material is flowing in and a dispersed, smooth distribution on the downstream side.
However, imposed stationary potentials are not realistic. DP10 also included three spiral structures without external potentials, in which the spiral structure forms naturally. They included a flocculent spiral as well as a barred and interacting galaxy. Unlike imposed stationary potentials, the active potentials do not produce a spatial separation between the gas and SF tracers. Dobbs & Bonnell (2008) have shown that the stars and gas are coincident with the spiral potential minima, because gas accumulates in the potential minima as the spiral structure forms. The spiral arms in the flocculent model of DP10 evolve over timescales of 100 Myr, which is typical for spirals with recurrent spiral structure (Sellwood & Carlberg 1984; Fujii et al. 2011; Sellwood 2010) . The spiral patterns found with active potentials have no fixed pattern speed or corotation radius. Longer lived transient spirals, where spiral arms evolve over a few hundreds of Myr are possible (e.g. Thomasson et al. 1990) , and may also lead to offsets similar to the static potential case. However such structures are not readily produced, at least in numerical simulations (Sellwood 2010) , and we did not include this scenario in our simulated galaxies.
In this work, we look for evidence for a systematic ordering of cold gas and young stars, which would be predicted by a long-lived spiral pattern with a constant pattern speed. We first examine the four simulations of DP10 for angular offsets between the gas and stellar clusters and then examine a sample of observed galaxies for offsets between various gas and SF tracers. In §2 we describe the algorithmic method developed by T08 to measure angular offsets between gas and SF tracers. In §3 we use this method to measure angular offsets in the simulations of DP10, which cover a range of spiral structure formation mechanisms including a stationary spiral potential, bar potential, interacting galaxy and transient spiral structure. In §4 we turn to observations and present our sample of 12 nearby spiral galaxies with high-quality maps of cold gas and SF tracers including H I (THINGS), CO (HERACLES), 24 µm (SINGS), UV (GALEX) and 3.6 µm (IRAC). Using the same method employed for the simulations, we measure angular offsets between these observed tracers. In §5 we compare the observed cross-correlation functions and angular offsets to those in the simulations and assess the predictions of the model of a long-lived spiral structure with a constant pattern speed. In §6 we present our conclusions.
MEASURING ANGULAR OFFSETS
We seek to algorithmically measure angular offsets between the gas and SF tracers in both simulations and observations, which are predicted by a long-lived, quasistationary, spiral structure theory. We use the method of Tamburro et al. 2008 , which was developed to measure offsets between H I and 24 µm emission. Angular offsets between H I and 24 µm emission allow one to measure the timescale between gas compression and massive SF because peaks of H I column density are thought to be the sites of molecular cloud formation and the 24 µm emission traces the young dust enshrouded stars. We use this method to measure angular offsets between the gas and young stellar clusters in the simulations of DP10 and also extend T08's study to measure angular offsets between CO, which traces the molecular gas with 24 µm emission. This provides a more direct measure than that of H I and 24 µm emission. While T08 also used BIMA SONG CO maps (Helfer et al. 2003) to measure angular offsets between the molecular gas and 24 µm, the low sensitivity of these images provided too few points to make accurate estimates of the timescale. We also include the cross-correlation of the gas tracers with UV images and 3.6 µm images which probe longer timescales. We first describe the method of T08 in detail.
2.1. Method of Tamburro et al. 2008 T08 measured angular offsets by locating the peak of the cross-correlation function between H I and 24 µm emission in radial annuli for 14 disk galaxies.
The time between these two events, t HI→24µm , the local circular velocity, v c (r), and a pattern speed, Ω p , for the spiral arms, lead to an angular offset between these two tracers of:
(1)
Thus, this method is independent of the number of arms and shape of the spiral pattern, but it does assume a fixed pattern speed. The angular offsets should vary with radius. When the disk rotates faster than the pattern (inside corotation) we expect ∆φ > 0 and when the pattern rotates faster than the disk (beyond corotation) we expect ∆φ < 0. At corotation Ω(R cor ) = Ω p , the sign changes and ∆φ = 0.
In order to measure ∆φ, T08 divided the images into radial annuli and cross-correlated them to find the relative offset with the best match. The best match between the two images is found by minimizing the following quantity as a function of the shift, l (lag):
The sum is carried out over all N elements of x, y, where x and y refer to the two tracers at a given radius as a function of azimuth, φ, such that:
By minimizing χ 2 one maximizes the following quantity:
defined as the cross-correlation coefficient. T08 used the normalized version such that:
wherex andȳ are the means of x and y respectively. In this way, perfectly identical patterns have a crosscorrelation coefficient of unity and highly dissimilar patterns have a value much less than one. At each annulus, T08 searched for a local maximum of the cc(l) around l ≃ 0. The location of the maximum, l max , defines the angular offset between the two tracers such that ∆φ(r) = −l max (r). If the value of the cc(l) peak was less than 0.3, the point was rejected.
With the angular offset, ∆φ(r), and the rotation curve, v c (r), one can write Eq. 1 as:
T08 used χ 2 fitting of the above with the measured angular offsets and derived best fits for t HI→24µm and Ω p . This method can be used for any two tracers. We first employ this method on the simulations of DP10 and examine which models fit the predictions of R69. We then use this method to repeat the work of T08 as well as look for offsets between 24 µm and the higher sensitivity CO imaging from HERACLES, which traces the molecular gas. We also examine UV and 3.6 µm for offsets with respect to the molecular gas. 
ANGULAR OFFSETS IN SIMULATIONS
DP10 have recently simulated four different models of spiral structure and compared the distribution of stellar clusters of different ages. Their simulations included a stationary spiral potential which mimics a long-lived spiral structure with a constant pattern speed, a barred galaxy, an interacting galaxy like NGC 5194 and a transient spiral produced using the spiral potential from the models of Sellwood & Carlberg (1984) . As we saw in §1, the long-lived spiral structure was simulated using a stationary potential and indeed the ordering of the stellar cluster ages fit the predictions of R69 and others (see Figure 1 ). Since the long-lived structure requires a stationary potential in order to ensure its longevity, the other three cases may be more realistic (see Figure 3 for all four cases). In these cases the ordering is much more complex. For the flocculent galaxy, each different segment of the spiral arms contains clusters of different ages. The interacting galaxy has an almost incoherent distribution.
We have used the same simulations presented in DP10 and analyzed them for angular offsets between the gas and stellar clusters of different ages in the way designed by T08 for observations. For different snapshots we convert the gas and stellar cluster onto an R-φ grid and cross correlate the annuli and locate the peak of the crosscorrelation function as described in §2. We show here the results of the cross-correlation between the gas and 100 Myr clusters in all four simulations. The gas and the 100 Myr clusters represent timescales close to those observed between H 2 and the UV, which we will examine in §5. Figure 4 . Cross correlation function between the gas and the 100 Myr clusters for the simulated stationary spiral potential (top panel), bar potential (second from top), interacting spiral (third from top) and flocculent spiral (bottom) at a fiducial radius of 7 kpc in each case. The cross-correlation function of the stationary potential shows four equally spaced peaks due to the self-similarity of the four-armed spiral structure. In the other cases, the central peaks are less well-defined and show very small, if any, offsets.
Stationary Spiral Potential
The stationary spiral potential is an imposed potential with a constant pattern speed. Thus, we expect an ordering of the clusters and gas to be in the way predicted. The pattern has a corotation radius at 11 kpc. The upper panel Figure 4 shows the cross-correlation function between the gas and the expected distribution of the 100 Myr stellar clusters at a fiducial radius of 7 kpc. The galaxy has four arms, so there are four peaks in the crosscorrelation function due to the self-similarity of the pattern. At each radius, we fit the central peak with a four degree polynomial, as was done by T08. The peak of the polynomial locates the angular offset. Figure 5 shows the chosen angular offset between the gas and 100 Myr clusters at a series of radial annuli. As one moves out in radius the offsets decrease in value as we saw with the toy model in §1. Unfortunately, the stellar clusters do not extend beyond corotation so we are unable to confirm that the sign of the offsets changes beyond corotation.
Since the arms are well-defined in the stationary potential we fit straight lines to the gas arms in logR-φ and defined a ridge line to the arm. At each radial position the arm is at a position φ ridge . We then measure the distance of the clusters with respect to the arm. Figure 6 Figure 5. Radial profile of the angular offsets based on the peak of the cross-correlation function between the gas and 100 Myr cluster particles for the stationary spiral potential. The offsets show a systematic trend going from high to low values. The gas and star particles in this simulation do not extend beyond the corotation of the spiral potential. Thus, we are unable to currently test whether the offsets cross zero at this point.
shows stellar clusters at 2, 50, and 100 Myr and their angular distance to the ridge line. We have only fit one arm so the self-repeating pattern is due to the other arms. One notes that the older clusters have drifted further downstream from the arms (i.e. (φ ridge − φ) increases for clusters of older ages). Both these findings and the systematic ordering of the angular offsets fit the predictions of a long-lived, stable, spiral structure. This is not surprising because in these simulations such a structure is imposed. This exercise shows that if such a structure exists in nature, we should be able to detect offsets between gas and SF tracers using our analysis.
We now turn to the other simulations, where the spiral structure has formed naturally in the simulations and is not fixed with a stationary potential. In these cases, however, we do not expect a constant pattern speed for the spiral pattern, which is one of the assumptions in the R69 model.
Barred Galaxy
The second panel from the top of Figure 4 shows the cross-correlation functions of the gas and the expected distribution of the 100 Myr stellar clusters for the barred potential at a fiducial radius of 7 kpc. Here we find two cross-correlation peaks due to the two arms in this galaxy, but the cross-correlation peaks are small and, in many cases, are below the 0.3 cutoff value used by T08 and which we also adopt for the observed galaxies. Despite these low cc(l) values, the peak is well-defined so we are able to determine the offset angles. We find that the offsets are very small and, at all radii, are less than a degree. One concern is that by 100 Myr the ordering of the particles has been disrupted. In comparison to the other simulated galaxies, the bar primarily extends over smaller radii, and the orbital times are shorter. By 100 Myr, the particles have made at least one and possibly two passages around the galaxy, disrupting the order- Figure 6 . Angular distance of clusters of varying ages to the gaseous spiral arms in the stationary spiral potential simulation. By fitting a ridge line to a spiral arm in the gas (φ ridge ), we measure the angular distance to each age of stellar cluster (2 Myr: black; 50 Myr: blue; 100 Myr: red). As the clusters age they drift further downstream with respect to the arm, as expected in the stationary, spiral potential model. ing of the gas and star particles. Due to this, we also examined star particles at early times, before complete passages. For the 50 Myr clusters the offsets were easier to detect and larger, but still quite small with the largest being ∼ 5
• . A further challenge in the barred galaxy is the highly elliptical orbits of the particles, which make the transitions more difficult to detect using the crosscorrelation method, which relies on the azimuthal angle of the particles. In general, we find that offsets can be detected for the barred galaxy, but that they are quite small and the ordering of the particles can be easily disrupted.
Interacting Galaxy
The second panel from the bottom of Figure 4 shows the cross-correlation functions for the gas and the expected distribution of the 100 Myr stellar clusters of the interacting galaxy, which is very similar to NGC 5194, at a fiducial radius of 7 kpc. In this case, we find only a single, broad, uneven cross-correlation peak. The measured angular offsets show no trend and in most cases the angular offsets are close to zero and thus we do not show them graphically. Since this simulated galaxy is very similar to NGC 5194 (see DP10 for further details), it is interesting to compare the cross-correlation function with the observations, which we will do in the following section.
Transient, Flocculent Spiral
Finally we also examine the cross-correlation function of the transient, more flocculent spiral structure that used the spiral potential from the models of Sellwood & Carlberg (1984) . The bottom panel of Figure 4 shows the cross-correlation function between the gas and the expected distribution of the 100 Myr stellar clusters at a fiducial radius of 7 kpc. At this radius and all other ones no obvious cross-correlation peak is found, suggesting no preferred position between the gas and clusters. We were unable to properly fit a peak and measure angular offsets and thus, we do not show the radial variation here.
Summary of Numerical Models
If a long-lived spiral structure with a constant pattern speed accurately describes spiral structure, than we should be able to detect angular offsets between gas and SF tracers as we have seen with the imposed stationary potential of DP10. However, if a stationary potential is not imposed, simulations of spiral structure do not show a systematic ordering of angular offsets between the gas and stellar clusters in fitting with the model predictions of a long-lived, stable, spiral structure. In the case of the barred galaxy, the cross-correlation peak could be fit, but the values were very low and the angular offsets measured, were small. In the other two cases, the offsets showed no radial variation and were close to zero. We now turn to our sample of observed galaxies and compare our findings.
ANGULAR OFFSETS IN OBSERVED GALAXIES
We chose 12 galaxies in common with the sample of T08 that have coverage in THINGS and SINGS (Kennicutt et al. 2003) . Eight of these galaxies also have coverage in HERACLES (Leroy et al. 2009 ). For three galaxies we also included FUV images from GALEX (Gil de Paz et al. 2007 ) and 3.6 µm images from IRAC (Kennicutt et al. 2003) . The sample presents a mixture of both grand design and more flocculent spirals, which are similar to the four simulated galaxies of DP10.
The galaxies were deprojected according to the values of T08, with the exception of NGC 2841, NGC 3521 and NGC 5194 (see Table 1 ). For NGC 5194, we used the values adopted by Leroy et al. (2008) . NGC 2841 and NGC 3521 were deprojected using GALFIT (Peng et al. 2002) and are roughly equivalent to those found in HyperLeda Extragalactic Database. Figure 7 shows deprojected 3.6 µm images for our sample as well as the direction of rotation, which is defined by assuming a trailing spiral pattern.
The images were aligned to the THINGS astrometric grid and were degraded to a common resolution of either 6 ′′ for our analysis of H I and 24 µm images or 13 ′′ for our analysis of CO, 24 µm, UV and 3.6 µm images. Foyle et al. (2010) describes in detail the processing of the images.
After initial processing, the images are translated from rectangular to polar coordinates, (r, φ), and divided into annuli of 5 ′′ width as was done by T08. At our convolved resolution, this allows us to Nyquist sample the data. As an example, Figure 8 shows the H I emission (bottom panel) and H 2 map (upper panel) in polar coordinates for NGC 5194 with the contours of 24 µm emission overlaid. One notes that in both cases the arm patterns in these tracers are nearly coincident. Thus, any offsets between these tracers must be small. Note. -Sample properties: the inclination and position angles used to deproject the galaxies, their adopted distance, scale length and maximum amplitude of their rotation velocity. With the exception of NGC 2841, NGC 3521 and NGC 5194, all values are those from T08. Figure 7 . Sample of 12 galaxies (numbers correspond to NGC numbers). We show the deprojected 3.6 µm images with arrows denoting the direction of rotation based on the assumption of a trailing spiral pattern.
The cross-correlation coefficients were calculated for angular offsets from -180
• to +180
• in increments of ∼ 0.1
• . We restrict the search for the peak between ±30
• , because the offsets must be at least this small based on visual inspection (see Figure 8) . We fit the region of the maxima with a four degree polynomial and calculate its peak value. The angular position of the peak is the angular offset, ∆φ(r), between the tracers at each radius. Any local maxima with a cross-correlation coefficient less than 0.3 is rejected, in following T08. The sign of the angular offsets is corrected for the direction of rotation of the galaxy.
4.1. Angular Offsets Between H I and 24 µm Images Figure 9 shows a sample cross-correlation function between H I and 24 µm at a radial annulus of 80 ′′ for NGC 5194. One notes two broad peaks due to the two spiral arms and the self-similarity of the structure. The zoomed box on the right shows the peak and the polynomial fit (gray curve), the maximum of which locates the angular offset at that radius (vertical black line). The offsets are measured in a similar fashion at all radii. Figure 10 shows the angular offsets (black points) versus radius for all 12 galaxies. The colors reflect the value of the cross-correlation with low values (≈ 0.3) being blue and high values (≈ 0.8) being red in the neighborhood of the chosen offset corresponding to the peak value (±20
• ). Around the peak value, there is a broad region where cc(l) is high. One expects to find positive angular offsets smoothly decreasing with radius and crossing zero at corotation. The radial profiles of the angular offsets do not show any smooth trend of going from positive to negative values and show considerable scatter. The profiles do not correspond in any way to the model predictions. Our profiles also do not agree with the profiles found by T08, who found offsets that agreed with the picture of R69. In §4.3 we examine this in detail. However, if the reader is not interested in this discussion, the §4.3 can be skipped.
4.2. Angular Offsets Between H 2 and 24 µm, UV and 3.6 µm Images The H I distribution is not as concentrated to the spiral arms as H 2 (e.g., Foyle et al. 2010) . Since the H I emission is more evenly distributed than the 24 µm emission, this may make the measurements of angular offsets more difficult. Thus, we cross-correlate H 2 maps with other SF tracers to measure angular offsets.
Eight of the galaxies had CO coverage from HERA-CLES at 13 ′′ resolution. As described in Foyle et al. (2010) , we process and convert those maps to produce deprojected maps of H 2 using an X CO conversion factor. We then transform the images to polar coordinates. As we did with H I and 24 µm emission, we measure angular offsets between the H 2 and 24 µm emission by locating the peak of the cross-correlation function. Figure 11 shows the radial profile of the angular offsets between these two tracers. In a similar fashion to Figure 10 , we find little evidence for systematic offsets, in contrast to R69 and T08. There is some evidence for a sequence of offsets in NGC 6946 and NGC 5194. Thus, we examine these galaxies as well as NGC 628 in greater detail and with other tracers for possible angular offsets. . Example of a cross-correlation function, cc(l), for H I and 24 µm as a function of azimuthal offset for NGC 5194 at a radius of 80". Two broad peaks are present due to the self-similarity of the two spiral arms. The box on the right shows the region zoomed in (±30 • ). The fourth degree polynomial fit overlaid in gray. The location of the maximum of the polynomial (black vertical line) gives the angular offset between the two tracers. There is negligible offset between these tracers at this radius (2.7 • ). This example is not atypical for different galaxies, and radii.
For three galaxies with prominent spiral structure we added FUV images from GALEX (Gil de Paz et al. 2007) which trace a longer timescale and should show the greatest offsets. We also included 3.6 µm emission maps which trace the underlying old stellar population. We measured angular offsets between the H 2 and the UV emission as well as H 2 and the 3.6 µm emission using the cross-correlation method described above. The timescale between the H 2 and the UV is similar to the timescale between the gas and the 100 Myr clusters in the simulations of DP10 (see §3). Figure 12 shows the angular offset profiles for crosscorrelations of H 2 with the UV emission on the left and the H 2 with the 3.6 µm emission on the right. Of these galaxies, only NGC 628 presents any trend suggestive of the picture of R69. However, it is important to note that many of these offsets are well below the resolution of the images, especially for the case of H 2 , which only has 13 ′′ resolution. We also tried other combinations of these images and divided the images into quadrants to isolate individual arms. Our findings were similar in all cases.
Comparison with Tamburro et al. (2008)
We have found no evidence for a systematic ordering of angular offsets in the way found by T08. We examine the cause of this discrepancy in greater detail here. Figure 13 shows the cross-correlation functions of H I with 24 µm emission at several radial annuli for NGC 5194. The left panels show the full range from -180
• . We also zoom in on the peak of the function in the boxed regions and display these on the right. The zoomed regions reflect the range of -30
• to +30
• . The grey curve shows the fourth degree polynomial fit.
The top panel of Figure 13 exhibits what one would hope to find when seeking the maximum of cc(l). At this radius a single, narrow peak is found. The other panels, show, however, that at most radii, the cc(l) is more complex, with a very broad peak and uneven features. The polynomial fit is sensitive to the range over which one fits and selecting this range can be subjective. Due to this, we also tried selecting the maximum cc(l) value, rather than fitting the peak. Even in this case, no systematic variation of offsets were found. We tried a number of variations of T08's method, including smoothing and filtering of the images, variations of the cross-correlation Figure 10 . Radial profiles of the angular offsets based on the location of the peak of the cross-correlation function between H I and 24 µm vs. radius (black dots). The colors reflect the value of the cross-correlation coefficients from high (red) to low (blue) in the range of ±20 • . Values below 0.3, our chosen cutoff, are not shown. The angular offsets are corrected for the direction of rotation. None of the galaxies show the trend predicted by the R69 model. calculation and restrictions of narrow regions around the arms in the case of non-axisymmetric distributions of stars and gas and were unable to reproduce the findings of T08.
We carried out a careful comparison of NGC 628 also studied by T08. While we were able to reproduce some of their offsets, the offsets measured were sensitive to small changes in the polynomial fit and the way in which the cross-correlation function is calculated (i.e. use of mean or median forx andȳ in Eq. 5). Figure 14 shows the offsets found by T08 (black) and two of our attempts using different fitting ranges for the polynomial (blue and red). While T08's offsets show a clear progression from high values to low values, which cross zero, our points are much more scattered. In part, we can attribute this to the fact that T08 selected the peak to fit and chose the range over which they fit by-eye. We also tried to choose specific fitting ranges at each radius, but found the choice to be subjective.
Beyond the sensitivity of the peak position to the range of the polynomial fit, resolution may be a cause for the lack of agreement with T08. The angular resolution varies with radius and the thin black line in Figure 14 shows that all of the offsets found by T08 are below the resolution of the image. The common image resolution is 6
′′ and at a radius of 30 ′′ this corresponds to an angle of 11
• . Most of the offsets found by T08 were less than 5
• except in the very inner regions, where resolution concerns are even greater. However, given that the cross-correlation function is calculated considering all azimuthal positions, it is possible that one can probe below the resolution limit to measure the offsets. The fact that T08's offsets are not randomly scattered points to this possibility.
It is not clear how resolution might affect the crosscorrelation function and the determination of the peak. We first examine how resolution affects the autocorrelation function of two H I maps at a resolution of 6 ′′ and 13 ′′ using NGC 5194. The autocorrelation function is calculated like the cc(l) (Eq. 5), but in this case both x and y represent the same H I map. For both resolutions, we expect the peak of the autocorrelation function to be centered at zero with a maximum of unity. Figure 15 shows the autocorrelation function for a series of annuli. Since the azimuthal resolution varies with radius, we list the azimuthal resolution for each pair of images in the upper left of the panels. We see that, as expected, the autocorrelation functions have a peak at zero and maxima of unity. However, one notes that as the resolution size increases, the autocorrelation function broadens and has a higher coefficient over a greater range of angles. We divided each annulus into units smaller than the resolu- tion. Thus, as the resolution size increases, the fraction of pixels with identical values increases. This provides a better agreement in the cross-correlation, which broadens and increases the peak.
In order to examine how the peak position might vary with resolution, we consider the cross-correlation of H I and 24 µm at two different resolutions in Figure 16 . We use pairs of images at our common resolution of 6 ′′ (black), and 13 ′′ (gray). Like the autocorrelation function, as the resolution size increases, the cc(l) broadens and has a higher value. The functions are very similar in shape, but as one can see in the zoomed in regions, when the resolution size is large (small radii), the shape of the peak can change substantially. This affects the polynomial fit and ultimately the position of the peak center. In the inner regions, where the resolution effects are greatest, we found that the peak positions varied by as much as 8
• . However, at larger radii the difference was less than a degree and the median deviation was 0.5
• . Thus, while the peak position remains roughly the same, it is important to consider the uncertainties introduced by resolution in determining its precise position.
In summary, we can attribute our lack of agreement with T08 to a combination of three causes: 1) the offset value is very sensitive to the polynomial fitting of the peak; 2) the offset value is very sensitive to small changes in the way the cc(l) function is calculated; and 3) almost all of the offsets are below the resolution limit of the images and we have found that changes in the resolution of the image do affect the shape of the cc(l) function particularly at small radii. Comparison of the offsets found by T08 (black) and the offsets measured in this study using two slightly different fitting ranges of the cc(l) (blue and red). The offsets measured by T08 are all below the angular resolution limit, which varies with radius (thin black line).
COMPARISON OF SIMULATIONS AND OBSERVATIONS
For all galaxies in the observed sample and between all tracers we found a clear peak in the cross-correlation function (see Fig 9) . The location of the peak marks the angular offset between the two tracers considered. However, the measured angular offsets showed no systematic variation as would be expected from a long-lived, quasi-stationary spiral structure. Among the simulated galaxies only the one with an imposed stationary po- Figure 15 . Effect of spatial resolution on the autocorrelation function of H I maps with 6 ′′ (black) and 13 ′′ (gray) resolution for NGC 5194 at a series of fiducial radii. Since the azimuthal resolution varies with radius, it is listed in the upper left of each panel. As one moves out in radius (from bottom to top) the azimuthal resolution size increases. As in Figure 13 we zoom in on the peak between ± 30 • . We see that as the size of azimuthal resolution increases, the peak of cc(l) broadens and increases in value. Figure 16 . Effect of spatial resolution on the cc(l) function calculated using H I and 24 µm maps with 6 ′′ (black) and 13 ′′ (gray) resolution for NGC 5194 at a series of fiducial radii. Since the azimuthal resolution varies with radius, it is listed in the upper left of each panel. As one moves out in radius (from bottom to top) the azimuthal resolution size increases. As in Figure 13 we zoom in on the peak between ± 30 • . While the cc(l) is roughly similar, features on the peak change substantially, which may introduce differences in the polynomial fit and the position of the maxima.
tential showed clear offsets with a systematic variation. The barred, interacting and flocculent transient spirals all showed very small offsets (less than a few degrees) and the interacting and flocculent spirals showed no clear systematic variation. This agrees well with what we found in the observations for the various tracers of gas and recent SF. The absence of observed offsets not only suggests that these galaxies do not have a static spiral pattern, but also that their structure is unlikely to be the result of a single mode transient spiral that persists for longer times.
However, upon comparing the shape of the crosscorrelation functions of the simulated galaxies, with those observed, we do not find a simulated model that agrees in detail. The observations tend to show at least two broad peaks, depending on the nature and number of arms in the spiral pattern (see Fig 9) . The simulated barred galaxy, did show two clear peaks, but the crosscorrelation coefficients were much smaller than those seen in observations. In the case of the flocculent and interacting spiral simulations, we did not find such clear features. It is interesting to compare the cross-correlation function shown in Fig 9 with that of the interacting, simulated spiral galaxy in Fig 4. The interacting spiral is structurally similar to NGC 5194. While the cross-correlation function of NGC 5194 showed two broad peaks, the simulated galaxy showed only one. One possible cause of the discrepancy in the shape cross-correlation function in the simulations and observations is because we only have a relatively small number of discrete clusters in the simulations, rather than the more continuous map of emission in the observation.
CONCLUSIONS
We have used simulations from DP10 and high resolution observations for a sample of 12 spiral galaxies to look for evidence for a model of spiral structure that is long-lived, quasi-stationary with a constant pattern speed. This model predicts that SF tracers should be offset from one another reflecting the relative velocity between the disk and pattern and the onset time for SF.
We have used an algorithmic technique developed by T08 to measure angular offsets between the gas and stellar clusters in four simulated galaxies with different spiral structures including a galaxy with a stationary spiral potential, a barred galaxy, an interacting galaxy and a more flocculent, transient spiral structure. Only when a stationary spiral potential was imposed did we find clear angular offsets ordered in the way predicted by a longlived, stable structure. For the barred galaxy, though we found angular offsets for younger clusters, and some indication of an age transition, the offsets were very small (<5
• ), and thus inconclusive. For the interacting and transient spirals, there were no clear cross correlation peaks and no measurable offsets.
We then used the same method to measure angular offsets between the gas and SF tracers in a sample of 12 observed galaxies. In all cases we did not have a systematic ordering in the way predicted by the simple prescription of R69. We specifically measured offsets between H I and 24 µm emission in order to directly compare with the work of T08 and are unable to reproduce their results (see §4.3 for a discussion). This study has also measured offsets between CO, which traces the molecular gas with the 24 µm emission. Even in this case, which directly probes the time between molecular cloud formation and SF, we find no systematic ordering of angular offsets. For three galaxies we also examined the cross-correlation of other tracer combinations including UV and 3.6 µm and found similar results.
Our results contradict previous by-eye estimates of such offsets. While there may be some patches of SF tracers that show by-eye offsets, an algorithmic analysis shows that such patches are isolated and there is no overall trend which supports the prediction of a model where the spiral structure is long-lived with a constant pattern speed. Our technique made use of the highest quality images to date and, provided the timescales of SF are at least a few Myr, angular offsets should have been detectable. There are number of possible reasons why such a systematic ordering was not detected. It may be the case that there are no angular offsets between the tracers. This would be the case if the spiral structure were simply a result of sheared patches of star forming regions or if the structure was rapidly dissolving and reforming. However, it is also possible that offsets are present, but that structure is more complex than a single pattern with a constant pattern speed. Indeed, recent studies have measured multiple pattern speeds for several spiral galaxies (Meidt et al. 2009 ). Furthermore, there is substantial emission from SF tracers in the interarm regions (at least 30%) (Foyle et al. 2010 ). This may be obfuscating the offsets near the spiral arms due to our cross-correlation method which uses all azimuthal positions. The arms may also have slightly different offsets and the stars may have highly elliptical orbits, both of which would introduce uncertainties when fitting over the whole galaxy as our method relies on a polar coordinate system. Thus, there is still room for the possibility that systematic offsets between SF tracers exists in the arms, but we may not be able to quantitatively measure them with this technique. Furthermore, the fact a crosscorrelation peak could be found at most radii, suggests that angular offset measurements could still be used to understand star-forming sequences if the local dynamics are known.
The fact that there is little evidence for angular offsets between SF tracers as predicted by the model of a longlived spiral structure with a constant pattern speed lends support to a model with a transient spiral structure that reorganizes the interstellar medium (e.g., Elmegreen & Elmegreen 1986; Dobbs & Bonnell 2008; Sellwood 2010) or models that have spiral arms forming due to the shearing of gas and stars by differential rotation (e.g., Seiden & Gerola 1979 and Elmegreen et al. 2003) . Simulations largely support such pictures and other observational studies have shown that most spiral structures are quite complex with multiple pattern speeds (e.g., Meidt et al. 2009 ). We caution, however, that the crosscorrelation functions of the other simulated spiral structures in this study, did not agree in detail with the observations. Thus, continued detailed comparisons between observations and simulations will be required in order to uncover the nature and persistence of spiral structure.
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